Introduction
Glomerular cell proliferation accompanies a wide variety of renal diseases and is usually associated with matrix expansion that leads to the development of end-stage kidney disease (1) (2) (3) . Therefore, extensive efforts have been made to elucidate growth factors and cytokines involved in glomerular cell proliferation. Among potential mitogens for glomerular cells we have focused on Gas6, a vitamin K-dependent growth factor whose action is inhibited by the anticoagulant warfarin (4) (5) (6) . The activities of Gas6 depend on γ-carboxylation of glutamate residues at its N terminus (5, 6) . Recently we showed that Gas6 is an autocrine growth factor for mesangial cells, and that warfarin and the extracellular domain of Axl (a receptor for Gas6) inhibit mesangial cell proliferation by specific blockade of the Gas6-mediated pathway in a mesangial-proliferative model of glomerulonephritis (GN), Thy1 GN (7, 8) . Moreover, administration of warfarin and the extracellular domain of Axl abolish the induction of PDGF-B in Thy1 GN. Thus, Gas6 seems to be not only a mitogen for mesangial cells, but also one that plays a critical role in the progression of glomerular diseases by modulating the expression of other growth factors. Initially, linear deposition of injected antibodies on glomerular basement membranes (GBM), rapid elevation of blood urea nitrogen, infiltration of lymphocytes and monocytes, and glomerular hypercellularity are observed, while production and deposition of antibodies against the injected heterologous IgG, glomerulosclerosis, and crescent formation are observed in the later phase of nephrotoxic nephritis (NTN) (9) .
Although our findings in the Thy1 GN model suggest that Gas6 may be a new and specific target for therapeutic intervention in various kidney diseases, the Thy1 GN model is self-limited and spontaneously reversible. Therefore, it might be anticipated that the benefits of neutralizing Gas6 would not be found in progressive forms of GN. Because most serious glomerular diseases are progressive and lead to chronic renal failure, we set out to explore the possibility that Gas6 may be involved in a progressive type of proliferative GN that is associated with prolonged proteinuria and glomerular damage. For that purpose we used a well-established model of crescentic GN, accelerated NTN in the mouse (9) . NTN is a progressive form of GN in which inflammatory cell infiltration and proliferation of intrinsic glomerular cells contribute to glomerular hypercellularity, the formation of crescentic lesions in the urinary space, and glomerular sclerosis. It is induced by injecting preimmunized mice with heterologous nephrotoxic serum (NTS), which has reactivity to several glomerular cell and basement membrane antigens (10) .
In the studies reported here, we created Gas6 -/-mice and used them to examine the role of Gas6 in murine NTN. Our findings demonstrate that Gas6 is essential for the full expression of progressive glomerular injury in this model.
Methods
Construction of targeting vector. The mouse Gas6 gene was cloned from a 129/SvJ genomic library (Stratagene, La Jolla, California, USA) using a 0.2-kb cDNA fragment encompassing the initial ATG codon of mouse Gas6 as a probe (6) . The 3.0-kb EcoRI-EcoRI and 3.5-kb BamHI-BamHI genomic fragments derived from the isolated clone were used for the construction of the targeting vector, along with a neomycin-resistance gene driven by the phosphoglycerate kinase-1 (Pgk-1) promoter (Pgk-neo r ) and a diphtheria toxin A-fragment gene driven by the MC1 promoter as positive and negative selection markers, respectively ( Figure 1 ) (11) . Using this construct, homologous recombination results in the replacement of the EcoRI-BamHI genomic fragment that includes the translation starting codon in the Pgk-neo r cassette, resulting in abolition of Gas6 expression.
Generation of Gas6 knockout mice. The embryonic stem cell line used in this study was E14 derived from 129/Ola mice. The targeting experiment and generation of mutant mice were performed as described previously (12) . The germline chimera was backcrossed for 17 generations with C57BL/6 mice to obtain Gas6 +/-mice with a C57BL/6 background. The resulting Gas6 +/-F 17 mice were then intercrossed to generate the homozygous Gas6 -/-mice. Additional control inbred C57BL/6 mice were obtained from Shimizu Laboratory Animal Center (Hamamatsu, Japan). All mice were housed under specific pathogen-free conditions. All animal experiments were performed in accordance with institutional guidelines, and the Review Board of Kyoto University granted ethical permission to perform this study.
Southern blotting. The genotypes of mice were determined by Southern blot analysis of DNA prepared from tails. Genomic DNAs were digested overnight with EcoRV and electrophoresed with 0.8% agarose gels. The DNAs were transferred to nylon membranes and probed with a 0.8-kb BamHI-HindIII fragment labeled with [α-32 P]dCTP. Membranes were then analyzed using a Fujix BAS2000 Bio-Image Analyzer (Fuji Photo Film Co. Ltd., Tokyo, Japan).
Preparation of NTS. Sheep were immunized with glomerular lysates prepared from Sprague-Dawley rat kidneys, as described (9) . NTS was heat-inactivated at 56°C for 45 minutes and then absorbed overnight with mouse red blood cells. Before use, the preparation was sterilized by passage through a 0.2-µM filter.
Induction of accelerated NTN. Male wild-type or Gas6 -/-mice (8 weeks old) weighing 20-25 g were sensitized by subcutaneous injection of 1 mg normal sheep IgG in Freund's complete adjuvant in divided doses into each flank. Five days later, mice were injected with 0.1 ml of NTS daily for 3 days. At intervals from 3 to 21 days after the first dose of NTS, groups of mice (six to eight per group) were sacrificed, blood was collected, and the kidneys were removed for the experiments.
Northern blotting of Gas6. Whole-kidney RNA was isolated using RNeasy (QIAGEN Inc., Valencia, California, USA). Twenty micrograms of denatured RNA was electrophoresed through formaldehyde 1% agarose gel and transferred to nylon membranes as previously described (10) . Membranes were hybridized with the EcoRI-BglII 0.7-kb fragment of mouse Gas6 cDNA radiolabeled with [ 32 P]dCTP (10 mCi/ml; Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) by random primer extension. All Northern blots were repeated at least three times with RNA from different sets of animals.
Western blotting analysis of Gas6, STAT3, and phospho-STAT3. Whole-kidney protein was homogenized in RIPA buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.25% SDS, 1 mM Na 3 VO 4 , 2 mM EDTA, 1 mM PMSF, and 10 µg/ml aprotinin) and rotated for 1 hour at 4°C. After centrifugation of the samples, the supernatants were used as total cell lysates. Sixty micrograms of each sample was applied to SDS-PAGE gels and immunoblotted as described (8) . Rabbit polyclonal antibody against rat Gas6, which cross-reacts with mouse Gas6, was made as described (5) . Rabbit anti-STAT3 and anti-phospho-STAT3 antibodies were from Cell Signaling Technology Inc. (Beverly, Massachusetts, USA).
Concentrations of albumin in serum and urine. Urinary albumin excretion was measured at intervals from 0 to 21 days in 24-hour urine collection samples from mice housed in individual metabolic cages. During the urine collection, mice were allowed free access to food and water. Albumin concentration in the urine was assayed using the Albuwell kit (Exocell Inc., Philadelphia, Pennsylvania, USA). Serum concentration of albumin was analyzed using Albumin HR-II kit (Wako Pure Chemical Industries Ltd., Osaka, Japan). Histologic studies. Kidney halves were fixed in methyl Carnoy's solution and embedded in paraffin. Sections (2 µm) were stained with periodic acid-Schiff (PAS) and periodic acid-methenamine silver for routine histology. The remaining kidney half was snap-frozen and used for immunohistochemical study. All morphologic evaluations were performed in a blinded fashion using six to eight kidneys per group for each time point. We evaluated at least 40 glomeruli per kidney for sclerosis and crescent formation by light microscopy. Percentages of glomeruli with crescents and those with more than 50% sclerotic area positive for PAS and periodic acid-methenamine silver were calculated The expression of proliferating cell nuclear antigen (PCNA), phospho-STAT3, and fibrin/fibrinogen was evaluated by immunostaining. Localization of fibrin/fibrinogen was semiquantitated and given a score of 0-3 as follows: 0, no staining; 1, up to one-third; 2, one-third to twothirds; and 3, more than two-thirds of glomerular cross section positive for fibrin/fibrinogen. FITC-labeled rabbit anti-sheep antibody and FITC-labeled rabbit anti-human fibrinogen (known to cross-react with mouse fibrin and fibrinogen) were purchased from DAKO Corp. (Carpinteria, California, USA). Rabbit anti-PCNA antibody and rabbit anti-phospho-STAT3 antibody were from Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA) and New England Biolabs Inc. (Beverly, Massachusetts, USA), respectively.
Estimation of circulating anti-sheep IgG antibody. The levels of circulating anti-sheep IgG were estimated by ELISA. ELISA plates (Nippon InterMed KK, Tokyo, Japan) coated with sheep IgG (Sigma-Aldrich, St. Louis, Missouri, USA) were incubated with test plasma that was diluted to 1:1,000. After being washed extensively with PBS containing 0.05% Tween 20, the plates were incubated with horseradish peroxidase-conjugated rat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA) diluted to 1:5,000. A kinetic analysis of absorbance at 650 nm was performed using 3,3′,5,5′-tetramethylbenzidine (Nacalai Tesque Inc., Kyoto, Japan) as a substrate. The level of anti-rabbit IgG was estimated by comparing the initial velocity of the increase in absorbance at 650 nm.
Injection of Gas6 to Gas6 -/-mice. Recombinant Gas6 was purified as described previously (5, 6) . Two micrograms of Gas6 was injected daily into Gas6 -/-mice from day 4 to the day of sacrifice. As a negative control, the same amount of inactive Gas6 whose Gla domain was not γ-carboxylated (Gla∆Gas6) was injected.
Statistical analyses. Statistical significance was determined using the Student t test. P < 0.05 was considered significant. Data are expressed as mean ± SD. Analysis was performed by simple regression using the StatView program (Abacus Concepts Inc., Berkeley, California, USA).
Results

Expression of Gas6 during the proliferative phase of NTN.
First we examined expression of Gas6 in the kidney during the course of NTN in wild-type mice. As we found in the Thy1 model of acute GN in rats (10), the expression of Gas6 mRNA was increased by about threefold on day 3 and day 5 in the kidneys of mice with NTN ( Figure 2 ). In this phase of NTN, the glomeruli become significantly hypercellular because of cell migration and cell proliferation (13) .
Generation and characterization of Gas6 -/-mice. To investigate the role of Gas6 in NTN, we generated Gas6 knockout mice (Gas6 -/-mice) by deleting the 
Figure 3
Lack of Gas6 mRNA and protein in Gas6 -/-mice. (a) Southern blotting of genomic DNA from the progeny of intercrosses of Gas6 heterozygous mutant mice. The genomic DNA from wild-type mice (+/+), heterozygous mice (+/-), and Gas6 -/-mice (-/-) was digested with EcoRV and hybridized with the probe described in Figure 1 . The upper and lower bands correspond to the wild-type and targeted alleles, respectively. (b) Northern blotting of Gas6 mRNA in wild-type (WT) and Gas6 -/-(KO) mice. mRNA prepared from kidney of wildtype and Gas6 -/-mice was subjected to Northern blotting. GAPDH was used as internal control. (c) Western blotting of Gas6 in wildtype and Gas6 -/-mice, using lysates prepared from spleen.
transcription initiation codon, the signal peptide, and the Gla domain that is essential for the biological function of Gas6 ( Figure 1 ). We confirmed correct targeting at the DNA, RNA, and protein levels ( Figure 3) . Phenotype of Gas6 -/-mice. Homozygous Gas6 -/-mice were born at the expected Mendelian frequency. The Gas6 -/-mice were viable, fertile, and appeared healthy. There was no difference in blood cell composition or plasma lipid composition between wild-type and mutant mice (data not shown). Necropsy and microscopic examination of major tissues revealed no significant pathology in Gas6 -/-mice.
Gas6 -/-mice with NTN showed less mortality, less albuminuria, and higher serum albumin. To determine the effects of Gas6 deficiency on the development and progression of chronic renal disease, NTN was induced in both Gas6 -/-and wild-type mice. In this model, 37.5% of wildtype mice died between day 3 and day 11, while all Gas6 -/-mice survived until day 21 (Figure 4a ). Bloody urine was found in the bladders of wild-type mice that died. In wild-type mice with NTN, excretion of urinary albumin was increased on day 7 and reached a plateau on day 14. In contrast, much less proteinuria was observed in Gas6 -/-mice at each timepoint (Figure 4b) . In wild-type mice, severe proteinuria was accompanied by a reduction in the serum albumin level, whereas in Gas6 -/-mice, the serum albumin level remained unchanged (Figure 4c) .
Gas6 -/-mice with NTN showed less glomerular injury. We found extensive glomerulosclerosis and crescent formation 21 days after the induction of NTN in wild-type mice (Figure 5a ). We also noticed more thrombus formation in the wild-type mice. Consistent with the urinary protein data, glomerulosclerosis and crescent formation were markedly reduced in Gas6 -/-mice. Semiquantitative analysis of renal tissue damage revealed that glomerular injury was ameliorated in the Gas6 -/-mice (Figure 5b ). Gas6 -/-mice developed fewer crescents (30% of wild-type mice vs. 11% of Gas6 -/-mice, P < 0.01) and less glomerulosclerosis (37% of wild-type mice vs. 13% of Gas6 -/-mice, P < 0.05) than did wild-type mice.
Gas6 -/-mice with NTN showed less proliferative response. Because Gas6 is a mitogen for epithelial and mesangial cells (7, 14, 15) and is considered to induce the proliferative response, we examined cell proliferation in Gas6 -/-mice and wild-type mice during the early phase of NTN.
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The Immunostaining for PCNA on day 7 showed intensive nuclear staining in the kidneys of wild-type mice, whereas scarce staining was observed in Gas6 -/-mice ( Figure  6a ). Numbers of PCNA-positive cells per glomerular cross section were significantly smaller in Gas6 -/-mice than in wild-type mice (9.2 in wild-type mice vs. 1.4 in Gas6 -/-mice, P < 0.05) (Figure 6b ). Consistent with the results of PCNA staining, immunostaining for phosphorylated STAT3, which is one of the downstream targets of Gas6 (16), revealed intense nuclear staining in wild-type mice, whereas it was hardly found in Gas6 -/-mice ( Figure 6c) . The difference in STAT3 phosphorylation was also confirmed by immunoblotting. The upper panel of Figure 6d shows that STAT3 is heavily phosphorylated in the kidney lysates of wild-type mice on day 7, whereas its phosphorylation is hardly detectable in the lysates of Gas6 -/-mice on the same day. The lower panel of Figure 6d shows that the amount of STAT3 protein was increased on day 7 in wild-type mice, but not in (Figure 7a) . Semiquantitative analysis of fibrin/fibrinogen staining showed a significant reduction of deposition in Gas6 -/-mice compared with wild-type mice. (Figure 7b ). 
Gas6 -/-mice show similar deposition of sheep IgG and similar humoral immune response to sheep IgG.
Humoral responses were examined as a potential explanation for the reduced disease severity in Gas6 -/-mice compared with wild-type mice. However, Gas6 -/-mice had an immune response to sheep IgG similar to that of wildtype mice. Glomerular deposition of sheep IgG on day 7 was similar in both groups (Figure 7c ). Serum titers of autologous antibody against sheep IgG were also comparable in the two groups on day 21 (Figure 7d) .
Restoration of the Gas6 -/-phenotype by recombinant Gas6, but not by Gla∆Gas6. To confirm that reduced glomerular injury in Gas6 -/-mice was due to the deficiency of Gas6, we evaluated the effect of exogenously administered recombinant Gas6 (rGas6) on the development of NTN in Gas6 -/-mice. As a negative control, we used inactive Gas6 whose Gla domain was not γ-carboxylated (Gla∆Gas6). Injection of rGas6 but not of Gla∆Gas6 resulted in the death of three out of ten mice. Injection of rGas6 significantly increased proteinuria, while injection of Gla∆Gas6 did not (Figure 8a) . We also examined the expression of PCNA on day 7 in Gas6 -/-mice injected with rGas6 or Gla∆Gas6 (Figure 8b) . Injection of Gas6 significantly increased the number of PCNA-positive cells per glomerulus, while injection of Gla∆Gas6 did not. We also evaluated the glomerular injury of Gas6 -/-mice injected with rGas6 and Gla∆Gas6 on day 21. Consistent with the increase in urinary protein, injection of rGas6 increased the percentage of sclerosing glomeruli, while injection of Gla∆Gas6 did not ( Figure  8c ). Injection of rGas6 induced more crescent formation than did Gla_Gas6, but the increase was not significant compared with uninjected Gas6 -/-mice. To confirm that injection of Gas6 does not affect the renal morphology of mice, we injected the same amount of Gas6 into untreated wild-type mice (n = 6). We found no pathological change after injection of Gas6 in any mice (data not shown).
Discussion
In this study, we have shown that Gas6 was induced in NTN and that Gas6 -/-mice were protected from glomerular injury by NTS. Gas6 -/-mice with NTN showed less mortality, less albuminuria, less glomerular injury, less proliferative response, and less deposition of fibrin/fibrinogen in glomeruli than wild-type mice did. Moreover, by the administration of rGas6, we could successfully induce severe glomerular injury in Gas6 -/-mice, indicating the essential role of Gas6 in this GN.
Accumulating data show that immune-mediated infiltration of leukocytes and monocytes is essential for the development of NTN (9, (17) (18) (19) (20) (21) . However, in this report, we have shown that genetic deletion of Gas6 inhibits the proliferative response, thereby improving the progression of nephritis in this model. These results suggest the possibility that proliferating glomerular cells may be therapeutic targets for inhibiting glomerular hypercellularity in lesions other than simple mesangioproliferative GN (8) . In this regard, it was shown in rabbit NTN that proliferating marrow-derived monocytes/macrophages initially infiltrate the glomerulus and that epithelial cell proliferation subsequently contributes to the formation of crescents (22) . Although additional studies will be necessary to determine whether glomerular epithelial cells are responsive to Gas6, recent studies by Shankland et al. have shown that glomerular epithelial cell proliferation is tightly regulated by cyclin-dependent kinase inhibitors and that this regulation can be released in crescentic GN (23) .
Although we have tried to identify the origin of the PCNA-positive cells, most of the cells were negative for
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The (24) . In NTN, deposition of fibrin and fibrinogen is observed in glomeruli, and inhibition of thrombosis prevents severe renal damage (25, 26) . We also confirmed less fibrin deposition in Gas6 -/-mice than in wild-type mice by electron microscopy (data not shown). Less deposition of fibrin and fibrinogen and renal injury in Gas6 -/-mice could be attributed to the thrombogenic effect of Gas6. Furthermore, Gas6 can mediate chemotaxis of smooth muscle cells (27) and adhesion of Axl-expressing cells (28) . Therefore, less proliferative response in glomerular cells in Gas6 -/-mice may be attributed to less migration of inflammatory cells into the glomerulus.
The cause of death in wild-type mice injected with NTS is not clear. Their lungs showed no evidence of hemorrhage. Because previous data reported rapid elevation of serum blood urea nitrogen during the first several days in this model (9) and bloody urine was noted in the bladders of dead animals, it is quite likely that the cause of death was renal failure.
As shown in Figure 6c and d, STAT3 was induced and phosphorylated in the proliferative phase, and its induction and phosphorylation was inhibited in Gas6 -/-mice. The molecular mechanism of STAT3 induction in NTN is unknown. Recent studies have shown transient induction of STAT3 in the nervous system after neuronal damage (29, 30) and in carotid artery remodeling after vascular injury (31) . Therefore, it is possible that induction of STAT3 could be a ubi-quitous response to tissue injury in vivo. Furthermore, the composition of cells in the kidney is dramatically changed in the early phase of NTN and may account for the induction of STAT3 protein.
As for the experiments restoring the phenotype of Gas6 -/-mice, we injected the same dose of rGas6 to mice according to the dose used in the previous report. (24) . In untreated Wistar rats, the serum concentration of Gas6 is about 1-10 ng/ml, and in Thy1 GN, it increases in parallel with mesangial cell proliferation, reaching as high as 100 ng/ml (M. Yanagita, unpublished data). When 2 µg of rGas6 is injected into Gas6 -/-mice weighing about 20 g, the serum concentration of rGas6 is expected to be 2 µg/ml, which could be far more than that of endogenous Gas6 in wild-type mice. However, Axl on the surface of endothelial cells, monocytes, and macrophages (32, 33) could bind and eliminate rGas6 from the bloodstream. Furthermore, because this protein is obtained from rats, antibodies against rGas6 could be produced and bind rGas6 before it reaches the site of inflammation. Therefore, sufficient amounts of rGas6 to reduce renal injury were injected daily into Gas6 -/-mice.
The question may arise whether renal injury in Gas6 -/-mice injected with rGas6 can be attributed to the immunological reaction against rat protein. However, we thought it unlikely because urinary protein and PCNApositive cells per glomerulus in Gas6 -/-mice injected with rGas6 are increased as early as day 7 and because injection of the same amount of rat Gla∆Gas6 did not cause renal injury through immune reactions. Therefore, it is unlikely that an acute immunological reaction to heterologous rGas6 plays a role in this process.
However, in the later phase of NTN, the effect of immune reaction against rGas6 cannot be ignored. Figure 8c shows that the injection of rGas6 did not significantly stimulate the formation of crescents, despite the augmentation of glomerulosclerosis. Because the onset of crescent formation follows development of lesions in the glomerular capillaries, it is possible that elimination of rGas6 by immunological response occurs before crescent formation. Alternatively, rGas6 may have greater access to cells within the glomerular capillaries than to those in the urinary space where crescents develop.
In conclusion, our data show that Gas6 is an essential factor in the development of NTN and suggest that strategies to eliminate Gas6 might protect against progressive renal injury and improve the prognosis of patients with kidney diseases. Further understanding of the Gas6 pathway may provide a therapeutic strategy in the treatment of progressive kidney diseases.
